We demonstrate the slow light in double quantum dots (QDs) resonance dispersion material in theory. The slow factor, absorption, and bandwidth are greatly influenced by the energy difference of the two resonance energy. The bandwidth of this system is up to 60 GHz. The 20 ps input signal pulse is delayed by 180 ps (group index of approximately 55) relative to free-space propagation with little broadening in 1 mm dispersion material for the optical communication wavelength. The signal pulse delay can be tuned by the pump pulse.
Recently, slow light attractive for the delay line has been studied widely in the quantum dots (QDs) systems. Most early work is based on electromagnetically induced transparency (EIT) [1] [2] [3] [4] [5] [6] [7] [8] . The QDs homogeneous line width [1, 2] , inhomogeneous broadening [1, 5, 6, 8] , many-body interactions [3] , size and geometry [4] dependence on the slow light properties of QDs is studied. The QDs EIT absorption dip is also observed in [7] . The delay-bandwidth product of EIT in gases as well as QDs is studied in [8] . However, the slow factor is greatly reduced by the temperature and inhomogeneous broadening. Simultaneously, slow light using coherent population oscillations (CPO) in QDs at room temperature [9] [10] [11] [12] [13] is researched due to their three-dimensional confinement potential. However, the delay-bandwidth product is not satisfied in the practical optical communication. And also, slow light in QD photonic crystal waveguides is researched [14] . Slow light based on tunneling induced transparency is reported in [15] . The slow and fast light in semiconductor waveguides including QDs is reviewed in [16] .
Simultaneously, for a double resonance in the atomic vapor or fiber [17] [18] [19] [20] [21] [22] [23] , the possibility of the pulse delay has also received some attention. Especially, 1.6 G-bandwith, tunable, multiple-pulse-width optical delays in cesium vapor for 852 nm signal pulse is reported in [21] . The pulse distortion is low, the bandwidth is large, and the pulse delay is long. It is potential to be applied in the optical communication. However, there is no study on the double absorbing resonance in QDs. It may be interesting for that the QDs' resonance energy can be adjusted, and the bandwidth of the slow light may be enlarged for the optical communication.
In this work, we study the slow light in the double resonance asymmetry QDs systems. It shows a wider bandwidth, a more compact dimension, compatible for the optical communication. And the pulse delay can be tuned by the pump pulse.
Model and theory
The asymmetrical double QDs system shown in Figure 1 (a) consists of two kinds of dots with different band structures shown in Figure 1(b) . The absorption spectra of QDs are expected to be a series of δ-function-like discrete lines due to the nature of state density. The resonance energy of the QDs is relevant to the shape and composition of QDs [24, 25] . Therefore, these two QDs have resonance energy different from each other, indicated by   1 and 
And there are two pump pulses with the photon energy   1 and   2 which can pump QDs into the excited states.
At low temperature, we did not consider the inhomogeneous
.  is the detuning from ω 0 . All are shown in Figure 1 (b). Firstly, we consider a QD as two-level system. The laser field only coupled the vacuum and direct exciton states, with Rabi frequency
, where μ is the dipole momentum matrix element and E is the electric field amplitude. The dielectric constant is a complex function that contains all the information about the coherent optical excitations. The macroscopic dielectric constant near the signal frequency is related to the density matrix element ρ 01 by [1] 
where Γ is the optical confinement factor, V is the volume of a single QD, and ε 0 is the dielectric constant. By calculating the density matrix equation [26, 27] , we finally get
where γ is the dephasing rate. From eqs. (1) and (2), we can get
where   2 bac bac , n   0 bac is the background dielectric constant without coupling to any light.
Finally, the complex refractive index can be written as
Therefore, the effective complex refractive index of our asymmetry double QDs can be written [23] :
where g 1 and g 2 account for the possibility of different strengths for the two resonance. In the following, we assume g 1 = g 2 = 1/2 for the error introduced is little [21] . Using the defined above, we can get
We can calculate the slow factor and the absorption coefficient from eq. (5) [28] :
From eqs. (7) and (8), the slow factor and absorption coefficient of the system are calculated:
At ω=ω 0 , we can get
Pulse propagation can be described by the various orders of the dispersion, which can be calculated from 
When the slow light is put into practical applications, it is important to achieve large delays over significant band-width and in a compact device. The obstacles include the loss, the group velocity dispersion and the absorption dispersion. The bandwidth of the double QDs systems is limited by two factors [23] . The first is the third-order dispersion. The criteria is
where B is a bit interval. The second is the absorption dispersion, and the criteria is
The bandwidth of the double QDs resonance system is the minor of
When the pulse transits the material, there is pulse broadening because of the dispersion and absorption. And the main cause is the dispersion [21] . We can calculate the broadening of the pulse only considering the dispersion by
where T 0 is the initial pulse width. For a Gauss pulse   
t T when it transits the material, the output pulse is proportional to [19, 21, 23 ]
where  0 is the amplitude of pulse at the input.
Results and discussion
According to InGaAsP/InP QDs, we can choose the parameters as follows: n bac =3.2, ε 0 =8.85×10 12 F/m, 3 6 10 ,
14 rad/s [29, 30] . Firstly, we can calculate the refractive index and the group velocity by eqs. (6) and (7) . It is shown in Figure 2 . When the photon energy approximates the resonance energy of each QD, there is large refractive dispersion due to the single QD refractive dispersion. Though there is large slow factor near the resonance energy, the signal may be distorted because of the large refractive dispersion and the bandwidth is small. When the signal energy is just lied in the middle of the two QDs resonance energy, there is a wide range of the frequency where the group velocity dispersion is relatively small. We can get a large bandwidth with small dispersion. The group velocity is 0.018c when the detuning is zero. Therefore, we especially pay attention to the little dispersion in the middle of the double QDs resonance energy. Little dispersion means a large bandwidth with little distortion accompanied by maximum transparency. However, at the same time, the slow factor also is the smallest. The energy between the two resonance energy has a great influence on the slow light factor, absorption coefficient and the bandwidth. Figure 3 shows the absorption index of the double QDs system and the reciprocal of the slow light factor versus a half of the two resonance energy difference at zero detuning described by eqs. (11) and (12) . The absorption coefficient declines and the reciprocals of the slow light factor go up with the increasing of the energy difference. Lower absorption means lower loss, but at the same time, the slow light factor also is small, meaning a little delay for the signal pulse. Considering the tradeoff of the absorption and the slow factor, we choose ω 21 =2π×3×10 11 rad/s, just as Figure 1 .
The bandwidth of the double QDs resonance system is determined by eqs. (14) and (15) . In Figure 3 , the bandwidth declined as the rising of the material length. In our double QDs resonance system, the bandwidth is mainly Figure 3 The absorption index of the double QDs system and the reciprocal of the slow light factor versus a half of the two resonance energy difference at zero detuning. decided by the third-order dispersion. The bandwidth is about 60 GHz for 1 mm material, which is much larger than the slow light based on EIT [1] . The bandwidth approaches 30 GHz with the increase of the material length.
From eq. (16), the signal broadening can be calculated. As to an input signal T 0 =20 ps, we finally get T d ≈ 20.01 ps and the time delay of the signal is about 180 ps for 1 mm dispersion material. Therefore the signal broadening can be neglected in this work. In Figure 5 , the signal transiting the dispersion material is simulated by eq. (17) . For 1 mm dispersion material, signal broadening is very little. The deficiency is the loss which is about −15 dB for 1 mm dispersion material.
Finally, we also can tune the delay rapidly by optically pumping the QDs into the excited state. As shown in Figure  1 , each pump laser is resonant with one of the QDs transition in order to saturate the QDs without optical pumping from one hyperfine level to the other. And the pump pulse absorption is much larger than the signal pulse. The maximum transmission length is smaller than the dispersion material thickness, so there is only a portion of the dispersion material joining in the two absorbing resonance. The pump pulses transit the dispersion material with the pulse power I=I 0 e αL , where α is the absorption coefficient, and I 0 is the pump light power. Obviously, the effective pump length in the dispersion material is related to the pump power and it can be tuned by the pump pulse power. L∞lnI 0 . The signal pulse delay is
Therefore, we can tune the signal pulse delay quickly by changing the pump pulse power.
Conclusions
In this paper, we theoretically investigate the slow light in double QDs resonance dispersion material. In the middle of the two resonance energy, the refractive dispersion is relatively small where it shows a large bandwidth for optical communication. The energy difference of the two resonance energy determines the slow factor, the absorption, and the bandwidth. The bandwidth of this system reaches 60 G and the signal pulse is delayed by many pulse widths relative to free-space propagation with little broadening in 1 mm dispersion material for optical communication wavelength. The signal pulse delay can be tuned by the pump pulse. 
